The gene coding for the mouse H-2Kd antigen has been isolated by using a K-locus specific cDNA probe. 
Introduction
The major histocompatibility complex (MHC) of the mouse, H-2, is a tightly linked cluster of genes located on chromosome 17. These genes play a key role in the immune response of the animal and encode three distinct classes of antigens: Class I, comprising the transplantation antigens K, D and L; Class II, the immune response-associated or Ia antigens; and Class III, the complement factors (Klein, 1975 (Klein, , 1979 Ploegh et al., 1981) .
Genes that code for lymphoid differentiation antigens, Qa and Tla (Flaherty, 1980) have also been found within the H-2 complex. The Qa and Tla antigens are structurally very similar to the Class I antigens, and we will hereafter consider the Qa and Tla antigens as belonging to the Class I molecules. Class I antigens are cell membrane glycoproteins with a mol. wt. of 43 000-47 000 daltons. They are noncovalently associated with ,3-microglobulin, mol. wt. 12 000 (Coligan et al., 1981; Michaelson et al., 1977) . Structural analyses of the Class I antigens suggest that they can be divided into three extracellular domains -each consisting of -90 amino acids, a trans-membrane segment of -25 amino acids and a cytoplasmic domain of 30-40 amino acids (Coligan et al., 1981) .
A remarkable feature of the Class I antigens is the very high degree of polymorphism they display. About 50 different alleles have been identified at the K and D loci, respectively (Klein, 1979) . No More detailed analyses of the genes within the H-2 complex have recently been made. Several laboratories have prepared cDNA from the mRNA coding for the H-2 antigens (Ploegh et al., 1980 , Kvist et al., 1981 Sood et al., 1981; Steinmetz et al., 1981a) . Southern blot analyses using these cDNA clones indicated that the genes encoding Class I molecules constitute a large multigene family (Steinmetz et al., 198 1a, 1981b; Cami et al., 1981) . Large fragments of DNA cloned into cosmids were employed to show that the genome of the BALB/c mouse has -35 class I H-2 genes (Steinmetz et al., 1982) . Two of these genes, one coming from the Qa region and the other one coding for the Ld antigen, have been sequenced (Steinmetz et al., 1981b; Moore et al., 1982) . The analysis of these two sequences revealed a high degree of homology indicating that Qa genes (and most likely also those of Tla) have a very similar structure to the classical H-2 genes. To identify and define a gene or a subfamily of genes within the H-2 complex, it is essential to use DNA probes of greater specificity. In a previous report we identified a probe which is specific for a subfamily of H-2 genes, at least one of which encodes the H-2 Kd antigen (Xin et al., 1982) . In this communication we present the complete nucleotide sequence of the Kd gene, its comparison with three other known H-2 antigen sequences and a possible explanation for the generation of the H-2 gene polymorphism within the context of gene conversion.
Results and Discussion
Isolation of genomic clones by using a low copy H-2 cDNA probe About 6 x 105 lambda 1059 clones of DBA/2 liver DNA were screened independently with two different H-2 cDNA probes. The first probe is specific for a subfamily of the H-2 genes and recognizes at least one gene mapped to the K locus (Xin et al., 1982) . This probe we refer to as pH-2d-5b. The second probe is a subclone of pH-2d-1 (Kvist et al., 1981) containing a PstI fragment consisting of the common part of the 3' non-coding region in addition to the sequence encoding the cytoplasmic tail, the trans-membrane segment and the third external domain. This probe does not show any specificity for a particular gene but seems to recognize most, if not all, of the H-2 class I genes. We refer to this probe as pH-2d-la. Both probes have been described earlier (Xin et al., 1982) .
Using pH-2d-la, we isolated 30-40 clones, only four of which were recognized by pH-2d-5b. DNAs from these four clones were prepared and restricted with the enzymes BglII and EcoRI. In a Southern blot analysis, one clone, 2.14, displayed a hybridizing pattern indistinguishable from total genomic DNA using the K locus-specific probe pH-2d-5b, i.e., a 3.7-kb BglII and a 13-kb EcoRI fragment (Xin et al., 1982 14. The length of the insert in clone 2.14 is -22 kb. The BamHI site at the right end of the insert was constructed from the partial digest of DBA/2 mouse DNA with Sau3A1 and cloned into the BamHI sites of lambda 1059. The 5.2-kb and 6.2-kb BamHI fragments were recloned into pBR322 and subjected to the deletion subcloning procedure in order to be sequenced (Frischauf et al., 1980) . Restriction maps of these fragments were made according to Smith and Birnstiel (1976) . The location of the exons are indicated by black boxes. The hatched boxes denote the 3' noncoding region. The arrow indicates the sequenced region of the clone. Exon-intron boundaries were found by comparing: (i) the deduced amino acid sequence of clone 2.14 with the known protein sequence of the Kd antigens (exons 2-3) (Coligan et al., 1981) ; and (ii) the DNA sequence of clone 2.14 with the cDNA clone pH-2d-6 (exons 3-4, 4-5, 5-6, 6-7 and 7-8). The signal sequence was localized by typical criteria for such sequences described by Kreil (1981) (Figure 1 ). The total insert has a length of -22 kb. By Southern blot analyses with our cDNA clones for both coding and 3' non-coding regions, the gene was mapped to two BamHI fragments, of 5.2 kb and 6.2 kb, respectively. The 5' end of the gene was found on the 5.2-kb fragment in the middle of the insert, whereas the 3' non-coding region mapped to the 6.2-kb fragment on the right-hand side in the insert. These two fragments were recloned into the BamHI site in the tetracycline-resistant gene of pBR322. Detailed restriction maps of the two BamHI fragments are shown in Figure 1 . To determine the nucleotide sequence, both fragments were subjected to deletion subcloning (Frischauf et al., 1980) and overlapping clones were sequenced by the method of Maxam and Gilbert (1980) . The complete nucleotide sequence of the gene is shown in Figure  2 . The size of the gene is -5000 nucleotides and consists of eight exons interrupted by seven introns. The exon-intron boundaries were identified by comparing the deduced amino acid sequence of the gene with the first 98 amino acids of the known protein sequence of the Kd antigen (Coligan et al., 1981) and a cDNA clone, pH-2d-6, constructed in our laboratory and believed to code for a Kd or a Kd'-like antigen (see below).
Gene 2.14 contains a nucleotide sequence that is highly homologous to two other H-2 genes (Steinmetz et al., 198 lb; Moore et al., 1982) . The first exon of the gene encodes a polypeptide consisting of 21 amino acids. In the middle of the sequence it contains a stretch of hydrophobic amino acids typical of a signal sequence known to be required for translocating the molecule through the membrane of the rough endoplasmic reticulum (Blobel and Dobberstein, 1975; Dobberstein et al., 1979; Kreil, 1981 Two sequences known to be involved in regulation of DNA transcription precede exon 1 in clone 2.14. These sequences, CCAAT and TATA, are found 77 and 51 nucleotides, respectively, upstream of the first codon of exon 1 (Figure 2) . Since, the TATA-box for all genes so far examined is located 26-34 nucleotides upstream from the mRNA start site (Breathnach and Chambon, 1981 ) the 5' non-coding region of the mRNA for the gene in 2.14 would comprise only some 20 nucleotides.
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A similar length was found for the 5' non-coding region of an immunoglobulin kappa light chain gene (Bodary and Mach, 1982) . To demonstrate unequivocally the origin of transcription, SI mapping analysis must be performed.
In the 3' non-coding region of 2.14 we found two polyadenylation signals AATAAA (Breathnach and Chambon, 1981) . It seems likely that the first signal is used in cDNA clone pH-2d-5 which is polyadenylated 12 nucleotides downstream. Multiple polyadenylation sites are not unusual and have also been found for the mouse dihydrofolate reductase gene (Setzer et al., 1982 
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Gly Leu Pro Glu Pro Leu Thr Leu Arg pH-2d-6 GGG CTG CCT GAG CCT CTC ACC CTG AGA 2.14, Kd ... Fig. 4 . Alignment of the DNA sequences of pH-2d_6, the Kd gene in clone 2.14, pH-2d_4 and pH-2d_5. Amiino acid sequences are shown above the DNA sequence for pH-2d-6 and under the DNA sequence for pH-2d-4. Homology is indicated by a dash. The arrows denote the splicing points as compared to the Kd gene in clone 2.14. The amino acids are numbered. The K-specific sequence in the 3' non-coding region is underlined and the two poly(A) sites are indicated by stars. The numbering on the right hand side of the figure refers to nucleotides after the termination codon (untranslated region). Note that pH-2d-6 stops at nucleotide 112 in the non-coding region and pH-2d-5 starts first at nucleotide 267 in the same region.
dimensional matrix seen in Figure 3 . With the exception of the extreme 3' and 5' ends, extensive homology was found over the whole length of the genes between exons as well as introns.
In the introns, differences between H-2 sequences resulted from nucleotide changes as well as deletions (ranging from 1 to 20 nucleotides), whereas in the exons such differences arose only from nucleotide changes. The percent homology in the introns was between 80 and 90%o. When only nucleotide changes were counted the homology was >9007o.
Surprisingly there seems to be no homology in the sequence preceding the first exon. This sequence in the Ld gene is found in the long intron separating exon 3 from 4 in the Kd gene (indicated in Figure 3 by the arrows) (Moore et al., 1982) . As fragments used in the sequencing of the Kd gene extensively overlapped and moreover the putative transcription consensus sequences were found, we feel confident that the fragments have been placed correctly. The differences in the case of the Ld gene might be due to a transposition such as reported earlier for a 3' non-coding segment of the Qa gene 27.1 (Steinmetz et al., 1981b) , to a cloning artefact, or a misplacement of M13 clones used for the sequencing of gene 27.5 (Moore et al., 1982) . (Figure 4) . The gene present in clone 2.14 shows a complete identity with pH-2d-6 (Figure 4) . pH-2d-6 enabled the localization of the exon-intron boundaries between exon 3-4, 4-5, 5-6, 6-7 and 7-8. The clones pH-2d4 (Lalanne et al., 1982) and pH-2d-5 (Xin et al., 1982) carry the K locus-specific fragment pH-2d-5b at their 3' non-coding end which we used to isolate clone 2.14. Unfortunately, the non-coding region of pH-2d-6 is very short. Its 3' end stops before running into the sequence of pH-2d-5 (i.e., it ends at nucleotide 112 after the termination codon). Because pH-2d-5 contains only the extreme 3' noncoding sequence, we cannot exclude that pH-2d-5 and pH2d-6 indeed represent two cDNA clones belonging to the same species of mRNA and coding for the same Kd antigen. However, clone pH-2d-4 displays a sequence that differs by 250 12 nucleotides (11 in the coding region and one in the 3' noncoding region) from pH-2d-6 and clone 2.14. Of these 12 nucleotides, seven give rise to amino acid replacements. Five of these seven amino acid differences are found within the hypervariable cluster located between amino acids 190 and 200 (Figures 4 and 5) . The clone pH-2d-4 also encodes 10 amino acids in exon 8, thereby displaying the typical H-2K antigen C terminus (see below). We conclude that pH-2d-4 is encoded by a gene different from the gene in clone 2.14. Most likely this gene is also located in the K region.
Comparison of different H-2 antigens
To localize hypervariable as well as more constant regions, we compared four H-2 antigens (Coligan et al., 1981; Reyes et al., 1982a Reyes et al., , 1982b Maloy and Coligan, 1982) (Figure 5 The regions compared are: I, II and III, the three external domains; M, the membrane-spanning segment (exon 5); C, the cytoplasmic domain. The sequences are taken from the same references as in the legend to Figure 5 .
hypervariable clusters. Regions with the most pronounced differences are found between amino acids 62 and 80, 95 and 99, 193 and 198 (Figure 5 ). The part of the membranespanning segment exposed on the cell surface (amino acids 275 -287) also varies considerably whereas the part facing the cytoplasm is well conserved (Dobberstein et al., 1983) . Throughout the sequence the Db and Ld antigens are very similar (Table I) . With respect to the three external domains Kb is more similar to Db and Ld than to Kd. However, from residue 278 onwards the Kd molecule shows many homologies to the Kb, apart from exon 7, where it differs by two residues. These two amino acids are the same in Kb, Ld and Db. The Kd and Kb molecules are, in addition, nine amino acids longer at their C termini. This seems to be a unique feature of the antigens near the K end of the H-2 complex. It has been shown before that Db and Ld antigens are more similar to one another than Db is to Dd. Therefore, it has been suggested that Db and Ld represent true alleles (Maloy and Coligan, 1982) . These two molecules do not differ in a single residue from amino acid number 158 onwards and show 94%o homology over all. Such is not the case between Kd and Kb. They differ extensively in the three external domains and the high percentage of homology, 830o, is due to the great similarity in exons 5-8 ( Figure 5 and Table I ). The Kd, Ld and Db molecules each have three potential glycosylation sites for asparagine-linked carbohydrates located at residues 86, 176 and 256. In the Kb molecule the asparagine residue at position 256 is replaced by a tyrosine resulting in only two potential carbohydrate binding sites in this molecule. The Kd molecule has two fewer cysteine residues than the Kb molecule (amino acids 121 and 337). The arginine at positon 121 in the Kd molecule is also found in Db. At position 337, however, the Kd antigen is unique, having a glycine instead of a cysteine. Does gene conversion act on H-2 genes?
Several mechanisms have been proposed to explain the polymorphism of the H-2 genes. Among these mechanisms are control of gene expression and gene duplication with generation of diversity through point mutations (Bodmer, 1973; Silver and Hood, 1976) . Control of gene expression can be ruled out, as it has clearly been shown by Southern blot analysis that H-2 genes of different haplotypes show true polymorphism Steinmetz et al., 1982 The regions are listed in the legend to Table I . The numbers given are actual nucleotide substitutions. Silent mutations are counted as substitutions not changing the amino acid. For multiple events we counted two substitutions as one silent and one replacement and for three substitutions, two replacements and one silent. The reason for this is the random expectation for a silent mutation being 24%o. ND, not determined. The DNA sequences were taken from: Kb, Reyes et al. (1982a) ; Ld, Moore et al. (1982) ; Db, Reyes et al. (1982b) .
attention. This phenomenon, called gene conversion, occurs readily in yeast (Klein and Petes, 1981; Jackson and Fink, 1981) and probably also within the globin (Slightom et al., 1980) and the immunoglobulin gene families (Egel, 1981; Schreier et al., 1981; Dildrop et al., 1982; OGo and Rougeon, 1982; Gough, 1982) . Gene conversion differs from unequal crossing-over in that the latter often increases or decreases the number of genes in a family of closely related genes, whereas the former does not change the number of genes. Gene conversion seems to affect a local region of DNA, and in most cases only one of the two genes involved undergoes conversion (Egel, 1981) . In addition, it appears that only genes very homologous to each other can exchange DNA this way. Since the histocompatibility gene family with its -40 genes (at least in the d haplotype; Steinmetz et al., 1982 ) displays a very high degree of homology between independent genes; gene conversion could have played a role in generating the polymorphism (Pease et al., 1982) . By comparing the sequences of the four different antigens, we observed regions where two or three sequences show identity ( Figure 5 ). Such segments of identity within a highly variable surrounding are difficult to explain by point mutations alone. They are, however, fully consistent with gene conversion or double crossing-over. For Figure 6A ). Together with the acceptor site of exon 5 (sequence AG), this sequence (AAG) codes for a lysine residue. Interestingly, a cDNA clone from our laboratory (pH-2d-1), believed to code for a Dd antigen (Kvist et al., 1981) , has three additional amino acids in the corresponding sequence ( Figure  6A ). The DNA sequence encoding the additional residues constitutes the first nine nucleotides of the following intron of the Kd gene. The adenosine nucleotide at the donor site in the Kd gene is changed for a guanosine in pH-2d-1. However, adenosine and guanosine can both be used as donor sites even if guanosine is preferred in 90/o of all cases (Lewin, 1980 (Moore et al., 1982) shows that exon 8 in the former gene codes for 10 amino acids, whereas the latter gene only has one residue encoded by exon 8 ( Figure 6B ). However, the nucleotides encoding the additional nine amino acids in the Kd gene are preserved within the intron preceding exon 8 in (Malissen et al., 1982) . This gene lacks the intron between exon 7 and 8.
Conclusions and Implications
We have shown that the extensive variability and polymorphism of H-2 antigens extend into the cytoplasmic C terminus. It is generally believed that the polymorphism of the histocompatibilty antigens is a reflection of their function. The question arises as to whether the variabilty in the cytoplasmic segment and the fact that this part of the molecule is encoded by three separate exons have a functional significance. Zinkernagel and Doherty (1979) proposed that histocompatibility antigens function as restricting elements in T-cell killing of virus-infected cells. A physical association between the adenovirus-coded protein and histocompatibilty antigens has been shown (Kvist et al., 1978) . This interaction might require the presence of the cytoplasmic portion of the histocompatibility antigen (Signas et al., 1982) . The C termini of the H-2 antigens could, for example, function in the interaction with viral proteins, and their variability in amino acid sequence could increase the binding repertoire. If an association between histocompatibility antigen and viral protein is required for T-lymphocyte killing of infected cells, the degree of diversity at the C terminus would directly influence the T-killer cell response. Genetic engineering of the C-terminal exons and expression of the modified genes will be powerful tools in elucidating more precisely the functions of the C-terminal segment.
Restriction enzymes, Klenow DNA polymerase and polynucleotide kinase were purchased from Boehringer (Mannheim, FRG) Construction of a cDNA library and isolation of H-2 cDNA clones RNA was extracted from SL2 lymphoma cells grown in DBA/2 (H-2d haplotype) mice as described previously (Kvist et al., 1981) . Poly(A)+ RNA (mRNA) was isolated by using oligo(dT)-cellulose (Aviv and Leder, 1972) . A cDNA library was constructed from the mRNA as described by Maniatis et al. (1982) . The vector was pBR322. Colonies were selected for their ability to hybridize to clone pH-2d_I (Kvist et al., 1981) and relevant plasmid DNAs were sequenced.
Isolation of genomic DNA and blot hybridization DNA was isolated from a single mouse liver essentially as described by Blin and Stafford (1976) . A lambda 1059 library (Karn et al., 1980) containing liver DNA from a DBA/2 mouse was obtained from H. Lehrach and D.P. Leader and will be described elsewhere (H. Lehrach et al., in preparation). Phage clones containing genomic DNA were identified by plaque hybridization (Benton and Davis, 1977) . Phage DNA was prepared according to Karn et al. (1980) . Southern blot analyses of genomic DNA or phage DNA were carried out by separating the restricted DNA on 0.5-1 07o agarose gels followed by transferring the DNA to nitrocellulose filters (Southern, 1975) . DNA probes were labelled by nick-translation to a specific activity of 1-5 x I0O c.p.m./4g DNA (Rigby et al., 1977) . Hybridizations and washings of the filters were essentially as described by Gergen et al. (1979) . Washings were made in 4 x SET for 15 min twice, 2 x SET for 15 min twice and once in 0.1 SET for 15 min. When pH-2d_5b was used as the probe the hybridization was made at 59°C instead of 65°C and the final wash was in 0.2 x SET. DNA restriction mapping and sequence analysis Phage DNA from clone 2.14 was digested with the restriction enzymes listed in the legends to Figure 1 and a partial restriction map was constructed. The 5.2-and 6.2-kb BamHI fragments were cloned into the BamHI site in the tetracycline-resistant gene of pBR322. Detailed restriction maps of both fragments were constructed by the method of Smith and Birnstiel (1976) . For DNA sequence analysis of both the cDNA clone pH-2d-6 and the two BamHI fragments we used the subcloning procedure described by Frischauf et al. (1980) using ClaI linker. Overlapping clones were selected and DNAs from these were cut with ClaI and labelled at their 3' end with [32P]dCTP by using the Klenow fragment of DNA polymerase I. To label the 5' end, fragments were cut with ClaI, the 5' phosphate group removed with bacterial alkaline phosphatase and then labelled with ['y-32P]ATP by using polynucleotide kinase. DNA fragments were then cut with EcoRI. Labelled DNA fragments were sequenced by the method of Maxam and Gilbert (1980) . The following five reactions were used: G, G + A, A + C, T + C and C. To certify the sequence connecting the two BamHI fragments, the 400-bp overlapping AvaII fragment was isolated, recloned by using BamHI linkers into pUC8 and sequenced as described above. Computer programs Comparison of the Kd gene with the Ld gene (Figure 3) was carried out by a computer program developed by H. Lehrach. In principle, this dot matrix program compares every sequence of nine nucleotides in the first DNA sequence to every stretch of nine nucleotides in the second DNA sequence. When homology is found for six or more of the nucleotides compared, the plotter inserts a dot. Two completely homologous sequences will then give rise to a diagonal line on the outprint.
